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We are pleased to submit our Final Report of our operations 
analysis of gravity assisted rapid transit systems (GART) . 

The study has used Gibbs & Hill's computer programs to 
calculate run times and energy consumption and to prepare 
realistic signal block designs for both dipped and level 
guideway configurations. We have used our TRANSPORT 
network simulation program to perform a detailed analysis 
of the operations of both systems at a variety of headways 
and under both normal and abnormal conditions. 

Results of our study show that GART significantly reduces 
energy consumption and can have a sonewhat smaller impact 
on run times. Reducing acceleration rates and the use of 
coasting also significantly lower the energy consumption 
of both systems. 

In the simulation analysis, the dipped guideway performed 
as well or better than the level system at headways of two 
minutes or more. GART syst^s are best suited to high speed 
operation. However, the level system has an inherent capacity 
advantage when it is required to operate at 90 second headways. 

We wish to acknowledge the contribution of personnel of the 
Washington Metropolitan Area Transit Authority who provided 
us with data describing the type and frequency of abnormal 
occurrences on the Metro. 
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Gibbs & Hill would welcome the opportunity to review its 
study with JPL and to assist in any further steps that would 
help in further decisions. 

We wish to thank you and Nr. Bain Dayman for your generous 
cooperation on this project. 


Very truly yours# 
GIBBS & HILL# Inc. 


Andrew Bata 
Project Manager 



David Weiss 

Senior Transportation 

Engineer 
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'ABSTRACT 


This study compares in detail gravity assisted rapid transit 
(CART) with 6 percent grades before and after each station and 
conventional systems in terms of energy consumption, run time, 
line capacity and schedule stability under abnormal 
circumstances. The study draws on procedures and computer 
programs that have been applied to engineering designs and 
studies of actual transit systems. 

Parametric analyses of run times and energy consumption include 
the impact of alternate accelerating and braking levels. The 
capacity analysis usea a network simulation program to determine 
the location and severity of all signal delays. Based on results 
of initial simulations, the block design was revised to eliminate 
bottlenecks in normal operations. The systems are then compared 
at headways of 60 to 180 seconds. 

One month of incidence reports of a modern operating transit 
system are reviewed to determine the failures to be simulated. 
The impact of failures resulting in station delays (30 to 
360 seconds), speed limit reduction (20 mph and 30 mph to one or 
more trains), vehicle performance (75 percent acceleration) are 
compared at scheduled headway of 90 to 180 seconds. 

Results show that CART reduces energy consumption by 8-15 percent 
and that accelerating and coasting policies can provide similar 
savings to either system. CART operations perform as well or 
better than level systems at headways of 120 seconds and more. 
At 90 second headways the level system performs better due to an 
inherent advantage at maximum capacity. 
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I INTRODUCTION 


Thtt J«t Propulsion Laboratory has baan invastigatinf nathoda for 
raducing capital and oparating costa of rapid transit systams. 
In thair study "Altamativa Concapts for; Undarground Rapid 
Transit Systams" for tha U.S. Dapartmant of Transportation 
(DOT-TST-77-31^ March, 1977) JPL concludes that naw approaches in 
design and construction, including tha use of gravity assisted 
rapid transit (CART), can significantly reduce both capital and 
oparating costs for naw mass transit systams. Building tha mined 
tunnels required for undarground CART guidaways has recently baan 
made mors economical through tha use of tunnel boring machines 
(TBM). In CART systams, guidaways have grades before and after 
each station to reduce energy reqpiirements in the braking and 
accelerating modes. 

The JPL study finds the higher construction cost of providing the 
dips in the guideways is offset by the elimination of some vent 
shafts and smaller station environmental systems. This as well 
as operating savings result from the reduced energy consumption. 
Soma savings in vehicle costs might also be possible. 

The purpose of the present study is to determine the impact of 
the dipped guideways on energy, run times and schedule operations 
using Gibbs & Hill's TRANSPORT network simulation computer 
program. Detailed analyses of the run time, energy consumption, 
line capacity and the ability to maintain service under 
disruptive conditions for both level and dipped guideways are 
made. The purpose of these analyses is to provide a reasonable 
basis for comparison of the two systems, not to optimize either. 

The present study is divided in three parts. \ 

1. The first consists of the establishment cf the study \ 
parameters including the development of data bases. 

2. The second part consists of the analysis of run times and 

energy consumption for alternate guideway configurations and 
train performance characteristics. This includes an 

examination of alternate locations for crossovers in the 
dipped scheme. These analyses are performed using 
Gibbs & Hill's train performance computer program, TRAPER. 

3. In the third part of the study, Gibbs & Hill's network 

simulation program, TRANSPORT, is used to analyze operations 
under normal and abnormal conditions at a variety of 

headways. TRANSPORT is able to analyze bottlenecks and to 
determine the Impact of various delays on operations. 
Although theoretically CART possesses advantages in both 
accelerating and braking modes, questions arose about 
performance \inder peak conditions when delays are likely to 
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occur. Woro those 'dJoloys to result in trelns broking on 
do%mgrodes end occeleroting on upgrades, the odvontoges would 
jnsteod become liobilitles. 

TIIAMSPORT, which contains detailed models of the network, signal 
system and train performance, is able to quantify differences 
between the level and dipped systems in the areas of system 
capacity, run time and the ability to withstand and recover from 
various failure conditions. The simulation is able to do this 
precisely and on a global scale by modelling in detail the 
interaction between trains including the incidence of all 
restrictive speed commands. The failure conditions studied were 
chosen after a review of actual transit operating statistics. 

A prereqpiisite to the simulation study is the development of 
signal systems for both the dipped and level gui deways. 
Gibbs & Hill has drawn on its experience in the design of high 
capacity systems to develop signal block layouts capable of 
maximizing capacity. A family of computer programs conceived for 
this purpose and which has been used in the design of a number of 
transit systems was applied in this study. 


IX SUMMARY AMD CONCLUSIONS 

In this ssction ths principal rssults and conclusions of ths 
snslysss discusssd in Ssctions IV, V, VX and - VXI« and dsaling 
with run tims and snsrgy consumption, crossovsr location, lina 
capacity and failure impact, raspactivaly, ara covered. The 
results ara based on comparison of two hypothetical guidaway 
configurations, each similar in plan to the proposed Southern 
California Rapid Transit District system. However, the study is 
parametric in nature to preserve generality. Results are 
obtained for inter station distances ranging from 2600 feet to 
13000 feet- for headways between 80 and 180 seconds, and for 
delay condix.ir:iS of varying severity. Figures III>1 and 1 11-2 
show the guideway profiles. 

a. Run Time and Energy Consumption 

This analysis has been conducted using Gibbs & Hill's TRAFER 
single train performance calculator (TPC) computer program. The 
program has been widely used to perform similar computations for 
a number of operating rapid transit systems. 

Comparisons between the dipped and level systems cover the 
effects of: interstation distance, acceleration and braking rate. 
The braking rate variation provides some indirect measure of the 
benefit of coasting since a lower braking rate causes trains to 
end acceleration and begin the station stop farther upstream. A 
more precise estimate of these benefits requires the explicit 
modeling of coasting policies. Results also cover criteria for 
the civil design of vertical curves. This is because the common 
design allowance of 100 feet of vertical curve for each one 
percent of grade change precludes the use of 6 percent grade in 
the shortest interstation distance, 2600 feet. A 6 percent grade 
is used for all the longer interstation distances. 

Taking the last item first, two alterrate vertical curve 
standards are considered: 60 feet and 80 fee- of vertical curve 
for each one percent grade change. These criteria reduce the 
length of the vertical cuive and permit the grades to be located 
closer to the stations. This has a small effect on run times. 

The main effect of the baseline criterion is that it restricts 
the grades to 3 percent when stations are only 2600 feet apart. 
A 6 percent grade using the 100 foot criterion would need 
600 foot vertical curves. Four vertical curves, each 600 feet 
long, separation of at least one train length between each, plus 
a 300 foot station add to 3600 feet. The 80 foot criterion 
enables a grade of 3.75 percent and the 60 foot criterion enables 
a grade of 5.0 percent. 
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Thtt impact of tho various* vartical curva standards is grsatast at 
tha 2600 foot intarstation pairs. Tha 80 foot critarion raducas 
run tima by 0.4 parcant and anargy consumption by 1.4 parcant 
comparad with tha 100 foot critarion. Tha 60 foot critarion 
would raduca run tima by 1.1 parcant and anargy consumption by 
5.5 parcant. At tha 5200 foot intarstation distancas tha banafit 
is much lass. Tha 60 foot criterion would raduca run tima by 
0.4 parcant and anargy consumption by 1.6 parcant. Tha banafit 
diminishes at greater intarstation distancas since tha proportion 
of anargy expanded maintaining spaed increases. In view of tha 
small Incremental banafit in this study and tha uncertain stature 
of these alternate criteria, the 100 foot vartical curva 
critarion was retained for the dipped guideway scheme. 

The analysis shows that dipped guideways can significantly reduce 
energy consumption. Running time is also improved, but to a 
lesser extent. Table II>1 summarizes the results presented in 
Tables IV'3 and IV-6. It shows the range of percent increase or 
decrease that can be achieved by dipped or level guideways, at 
full or half acceleration, using full or 75 percent braking rate. 
The range is taken over the four different interstation distances 
tested for each case. As shown, all three measures reduce energy 
consumption but only the dipped guideways cut run time. 

These results tend to confirm the energy savings reported in the 
JPL Study (op.cit.). The JPL study used 10 percent grades and 
different vehicle performance characteristics than are used in 
this study. Consequently, the total energy consumption on both 
dipped and level guideways in the JPL study is considerably 
higher than in this study. However, the percentage savings of 
the dip, at full acceleration and full braking, is about 
15 percent in each study for the interstation distances of 
5200 feet and more where the maximum dip is realized. At the 
shortest interstation distance a saving of about 8 percent is 
forecast in each study. 

b. Crossover Location 

Two locations for crossovers on the dipped system are considered. 
One is near the station before the dip begins. The other is in 
the middle of the dip. Operating requirements, such as the need 
to make smooth, programmed station stops even when the crossover 
signal is red or to turn back before descending the dip, preclude 
crossovers at the two shortest interstation distances studied, 
2600 and 5200 feet. If crossovers are needed there, then a level 
guideway might be used. 
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* TABLE ll-l 

Sxxmmary of Run Timo and Enargy Conaunqptlon Changaa 


Schama 

Laval 

Dippad 

Laval 

Dippad 

Laval 

Dippad 

Laval 

Dippad 


Notaa: 


Accalaration & Enargy Conaump- 

Brakinq Run Tima Changaa tion Changaa 


Full 

Accal« Brake 

- 1.6% 

to 

Half Accel « 

♦ 8.1% 

to 

Full Brake 

♦ 3.5% 

to 

Full Accal« 

♦ 3.4% 

to 

3/4 Brake 

♦ 1.2% 

to 

Half Accel« 

♦11.6% 

to 

3/4 Brake 

♦ 7.2% 

to 


Baaalina 


- 3. 

6% 

- 7.0% 

to 

-16.5% 

♦ 17. 

5% 

-10.8% 

to 

-29.9% 

♦ 12. 

8% 

-26.4% 

to 

-36.9% 

♦ 8 . 

6% 

- 1.2% 

to 

-5.1% 

♦ 5. 

7% 

-12.1% 

to 

-19.3% 

♦ 23. 

9% 

-12.2% 

to 

-34.4% 

♦ 19. 

5% 

-28.8% 

to 

-42.0% 


Range is over four interstation distances 

Car characteristics given in Appendix are those of the 
Washington Metro car. Maximum depth of dips is 60 feet. 
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If th« crossov«r is locatsd naar tha station, tha bsginning of 
tha dip is farthsr froa tha station to avoid locating tha 
erossovar on a vortical curva and to allow spaca batwsan tha 
crossovar and tha dip for trains to ravarsa diraction. (Saa 
Figura V-la.) This displacamant of tha dip slightly raducas its 
banafits for nonal oparations. l<ocating tha crossovar batwaan 
tha dips, as shown in Figura V-lb, doss not affact normal 
oparations but is disadvantagaous whan rarouting is raquirad. 
Trains must dacslarata for tha crossovar and than accalarata 
again. Tha crossovar spaad limit in aach casa is 22 mph. 

Tha altarnata crossovar locations ara comparad undar two 
oparating scanarios: whan oparations ara normal and tna crossovar 
is not usad and whan tha crossovar is naadad to switch tracks. 

In tha first casa, putting tha crossovar naar tha station savas 

both anargy (6.8 parcant to 8.7 parcant) and run tlna 

(1.8 parcant to 2.7 parcant). 

Howaver, whan tha crossovar is naadad for switching, locating tha 
crossovar in tha dip, batwaan tha gradas, savas anargy 

(41.7 parcant to 48.1 parcant) and run tima (6.3 parcant to 
7.2 parcant) dapanding on intar station distance, ^a reason for 
tha larger diffarancas in anargy and run time is that trains must 
accalarata twica-*onca leaving tha station and again whan 
clearing tha crossovar. Tha run tima advantage of putting tha 
crossovar naar tha station also results in improved headways 
because of tha opposing moves involved. 

c. Lina Capacity 

Tha capacity analysis is based on tha use of Gibbs & Hill's 
TRANSPORT network simulation computer program. Other 
Gibbs & Hill programs ware usad to design tha signalling systems 
for tha dipped and level guidaways. ' * ’ All of these programs have 
bean usad in tha past to perform similar tasks for oparating 
rapid transit systems. 

Several results stem from this part of tha study. 

1. Tha dipped system operates most efficiently at a moderately 
high spaad, 55 mph or more. This is because trains 
accalarata to 55 mph at tha bottom of tha dip and ara at this 
same spaad on thair stopping profile at tha bottom of the 
upgrade leading to tha next station. If tha spaad is lowered 
to increase capacity than trains will power up tha lower 
portion of tha upgrade. 


For a description of these programs and techniques, sea 
D.N. Weiss and D.R. Fialkoff, "Analytical Approach To 
Railway Signal Block Design,” ASCE Transportation Enainaarina 
Journal . February 1974. 
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2. If d«sign«d to oporato only at top apaad, tho dippod ayatan 
would hava a lowar nininum haadway than tha laval ayatan. 
Although aach ayatan oparataa wall at two-nlnuta haadwaya at 
top apaad, naithar doaa wall at 90-aacond haadwaya. 

3. To oparata 90-aacond haadwaya, it ia nacaaaary to raduca 
apaada in tha atation approachaa. At thaaa raducad apaada, 
tha laval ayatan haa an inharantly graatar capacity. 

4. Tha final aignal block daaigna, raviaad aftar analyaia with 
TRANSPORT, parnit ninimun haadwaya of 67-aaconda on tha 
dippad ayatan and 81-aaconda on tha laval ayatan. Thia nakaa 
operation at 90 aacond haadwaya nora atabla on tha laval 
ayatan than on tha dippad ayatan. Thaaa valuaa of ninimun 
haadway ara naar tha thaoratical limita, although further 
raviaion of tha block daaigna night parmit a anall reduction. 

Tha ninimun haadway ia tha lowaat haadway at which traina 
traveling at given apaada can oparata if alwaya aaparatad by at 
laaat aafa braking diatanca. Thia uaually occura whan one train 
ia leaving a atatir>n and tha f :! lowing train ia approaching tha 
atation. At top apaada tha critical point on tha dippad ayatan 
occura whan tha following train in at tha bottom of tha upgrado. 
In thia caaa tha aafa braking diatanca on tha dippad ayateT. ia 
lean than that of tha level aystam becauaa of tha influance of 
the grade on braking. 

However, aa apead ia raducad to lowar tha minimum haadway, tha 
aafa braking diatanca on both tha dipped and laval aya terns 
dacreaaaa and tha critical point moves closer to tha atation 
entrance. At tha station entrance however tha safe braking 
diatanca for tha dipped ayatam ia greater than that of tha laval 
aystam because of tha influenca of tha downgrade leaving tha 
station. 

To transmit a given spaed command in a block, a length of track 
equal to tha safe braking distance must be clear downstream. A 
40 mph command in tha block preceding the station requires a 
clear track for 1240 feet on tha level system. Since this length 
includes track downstream of the station, tha downgrade on tha 
dippad system raises tha safe braking distance to 1970 feat. 

Note that tha safe braking distances ara required by the signal 
system even where a train is scheduled to stop in a station. 
Thia ia because atation stopping is not enforced by tha signal 
aystam. Tha assumptions for safe braking distance are more 
conservative than those of tha nominal station stopping brake 
rata. Sea Section IIl.c. 


-7 


d. Failure Impact 


An analysis of the incident reports and suanary operating 
statistics for the Washington Metro was used to identify typical 
failures and to determine the range of durations of each. Since 
the purpose of this analysis is to distinguish the impact of 
failures on the dipped and level system^ major failures that 
result in system paralysis or call for the intervention of a 
dispatcher were not studied. 

Four types of failures are simulated: minor station delays (30 
and 60 seconds), major station delays (180 and 360 seconds), 
acceleration limit for one train (75 percent), acceleration limit 
for all trains (three stations and systemwide, 50 percent) and 
top speed limit for all trains (one station, 20 raph and 30 mph). 
All failures are simulated on both the dipped and level guideways 
at each of three operating headways: 90 seconds, 120 seconds and 
180 seconds. A total of 54 experiments are performed. 

In each experiment, a fleet of trains at each headway is 
dispatched at one terminal, the failure occurs and the run time 
of each train in the fleet is measured to each station. These 
times are compared to a control run time in which no failure 
occurred. The difference in run time for each train in the fleet 
is tabulated to determine the impact of the failure. The results 
of the failure experiments are discussed in detail in 
Section VII. 

In general, the dipped system performs as well or better than the 
level system at headways of 120 seconds or more. At 90 second 
headways the level system is usually superior due to its inherent 
capacity advantage. 

Station Delays 

In these experiments one train is held at the fourth station for 
between 30 and 360 additional seconds extra. The results are 
that when delays are major (180 seconds or 360 seconds) or when 
headways are at their peaX (90 seconds) the impact of the failure 
is more severe on the dipped system. This is because the minimum 
headway of the level system is less than that of the dipped 
system (81 seconds versus 87 seconds). 

The impact on the level system is greater in the minor delays. 
The reason for this turnabout is that when the system is less 
saturated and trains run at top speed the dipped system has more 
capacity. This is because at higher speeds the safe braking 
distance is greater and causes the critical headway point to 
occur farther from the station. On the dipped system it occurs 
at the bottom of the dip instead of the entrance to the station 


8 - 


as at mlnimun haadway. At tha bottom of tha dip« tha aafa 
braking distanca is lata than that of tha laval aystMi. 

Accalaration Limits 

In ganaral, accalaration failuras causa amallar dalaya on tha 
dippad aystam bacauaa motiva powar provides only a portion of tha 
total powar. This is shown in tha following table. 


Failure 

Run Time Increase 

( seconds ) 


Dipped System 

Level System 

Half Acceleration, 3 Stations 

26 

34 

Half Acceleration, Systemwide 

145 

203 

75% Acceleration, One Train 

50 

69 


Tha minimum headway acceleration failures increase the time for 
trains to clear away from stations. Whan this occurs on tha 
dipped system, the minimum headway becomes greater than the 
90 second operating headway. Thus although delays are less than 
the level system at 180 and 120 seconds, the dipped system cannot 
operate at 90 second headways while the level cc*n. 

Top Speed Limits 

The top speed limit is imposed between the first and second 
stations. The 20 mph limit adds 60 seconds of run time to the 
dipped system and 64 seconds to the level system. The 30 mph 
limit increases run times 31 and 32 seconds respectively. The 
30 mph limit does not create any additonal delays for either 
system at any headway. The 20 mph limit permits scheduled 
headways of 180 or 120 seconds but both systems break down during 
90 second operations. 
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Ill STUDY PARAMETERS 

Th« paruBCtars davalopad for this study fall in tha following 
catagoriaa: 

• Guidaway Charactariatica - Plan, Profila, Daaign Critaria 

• Train Parformanca - Accalaration, Braking, Top Spaad 

• Signal Syatam Capability - Haadvaya, Run timas 

• Schedules 

• Failure Conditions 

A raguiramant of tha study is that the consultant use data on 
file or that is readily available to facilitate timely 

completion. Accordingly a number of the parameters used in the 
study are those of the Washington D.C. Metro. These parameters 
are typical of modern high-performance rapid transit systems. 

a. Guideway Characteristics 

The system contains 16 stations over its 18.2 mile length, and is 
loosely configured along the lines of the proposed Southern 
California Rapid Transit System. See Figures III-l and 1II-2. 
To facilitate the analysis, a modular network is developed. Four 
station pairs are 2600 feet apart, six 5200 feet apart, two 
7800 feet apart, and three are 13000 feet apart. 

Two track profiles are established. One track is level 
throughout. The other track has stations in the identical 
position but with a maximum grade of 6 percent for 1000 feet 
approaching and leaving each station. The 6 percent grade was 
selected as being the steepest grade which would have a high 
probability of working if the concept was valid. The study 
therefore avoids tha objective of trying to optimise the value of 
the dip grade. 

In laying out tha guideway, a vertical curve criterion of 
100 feet of curve for each one percent of grade change was 
initially selected. This is the minimiun standard selected for 
tha Washington D.C. Metro. Such a criterion however limits the 
grades between the closest station pairs (2600 feet) to 

3 percent. The length of tha vertical curve also has an impact 
on run time and energy consumption. 
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Qukleway 







In th« b«ll«f that this critarion could bo rolaxod, JPL roquoatod 
a groator analysis of vortical curvo criteria. It was found that 
tho criteria established for the Washington and Miami Metros are 
the same: 100 feet of vertical curve for each 1 percent grade 
change (minimum) and 200 feet preferred. MARTA and BART have 
somewhat more coag>lex criteria which depend on speed and whether 
the vertical curve is at a sag or crest. Analyses of run time 
and energy consumption were conducted for three criteria, 
60 feet, 80 feet and 100 feet of vertical curve per percent grade 
change. The results, presented in the following section, showed 
that the minor advantage of using either of the two less 
conservative criteria is not sufficient to neutralize the 
controversy it might provoke. Accordingly, the 100 foot standard 
was retained for the balance of the study. 

The length of the vertical curve connecting grade changes of 
3 percent (in the 2600 foot stations) is 300 feet. The other 
vertical curves which connect 6 percent grade changes are 
600 feet. In all cases a track section of at least one train 
length (300 feet maximum - four 75- foot cars) separates the 
vertical curves. Stations are 300 feet long. The relatively 
short train lengths reflect the JPL conclusion that savings in 
construction costs outweigh higher crew costs. 

b. Train Performance 

The nominal train performance characteristics .«re based on the 
vehicle performance of the Washington car. The initial values 
for acceleration and braking of this car are 3.0 mphps and 
2.2 mphps respectively. The car performance characteristics are 
similar to those of the other modem transit cars used in this 
country. Specific data is contained in the Appendix. 

c . Signal System 

The modeling of a high-capacity transit system, with headways of 
two minutes or less, necessitates the representation of the 
signal system. The signal system is the primary medium by which 
delays to one train are transmitted to following trains. A 
central control system can mitigate these effects to some degree. 
However, none was established for the proposed operation. 

The design criterion for each of the signal systems was the 
operation of 90 second headways at the highest possible speeds. 
Initially, blocks were laid out to theoretically permit 85-second 
headways. During the simulation phase bottlenecks were 
uncovered. As a result, signal block lengths were reduced in 
critical areas to permit shorter headways at somewhat lower 
speeds. Gibbs & Hill employed the same methods and criteria in 
the layout of the signal systems for both the dipped and level 
schemes as were used in its design for the Washington Metro and 
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other Bysteme. Safe braking diatanca calculationa for the signal 
systam ara baaad on a 25% derating of the noninal brake rata, a 
six^aacond reaction time including an allowance of two seconds of 
full acceleration. 

d. Schedules 


Schedules were developed for the simulation studies for heaciways 
between 80 and 160 seconds. All experiments were simulated on 
both the level and dipped systems. In the capacity analysis, 
headways are 80, 90, 120, 140, and 180 seconds. Headways of 90, 
120 and 180 seconds were simulated in the failure analysis. 
Station dwell times are 25 seconds, line speed is 75 mph. All 
trains stop at all stations. 

Turnaround at terminals is excluded from the analysis. Trains 
are put in service at one end of the line and removed at the 
other end. 

e. Failure Conditions 


A review of operating incident reports of the Washington Metro 
formed the basis for the failures analysed in the study. These 
failures consisting of excess dwell in stations, top speed 
limitations and acceleration reductions, are discussed in detail 
in the section on Analysis of Failure Impacts. 
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IV ANALYSIS OF RUN TINE AND ENERGY CONSUMPTION 

Th* advantag«s of tha dippad guidaway< raportad in tha JPL atudy, 
citad abova, atam from potantlal raductiona in run tima and 
anargy conaumption. Thaaa banafita affact oparatlng costa 
diractly and could also raduca capital coats for vahiclas and 
anvironmantal control syatams. 

To quantify thaaa advantagas for tha propoaad ayatam« Gibbs A 
Hill mada a numbar of train parformanca computar (TPC) runs using 
its TRAPER program. Wa hava usad thia program bafora on studias 
of run tima and anargy consumption for a numbar of transit 
systams Including tha Naw York City Transit Authority (NYCTA), 
Massachusatta Bay Transit Authority (MBTA), Bay Araa Rapid 
Transit District (BARTD) and tha Port Authority Trans-Hudson 
(PATH) as wall as a numbar of commuter railroads. 

Tha analyses enable comparisons to be mada between tha level and 
dipped systams for nominal vehicle parformanca (baseline), for 
half acceleration, and using 7S% of tha nominal braking rata. 
Tha half acceleration run serves tha dual purpose of providing a 
sensitivity measure should a car lass powerful than tha WMATA car 
be used and of providing an estimate of tha potential impact of 
derating car performance as an operating policy. Tha reduced 
braking rate causes trains to initiate their station stop f&rthar 
from the station and thus indirectly measures tha affact of 
coasting in tha station approach. 

TPC runs for each sat of train performance characteristics were 
made for each of tha four intarstation distances selected. All 
three vertical curve standards ware studied for tha shortest 
distance. In this case tha tighter tha standard, tha lower tha 
possible grade on tha dip. A 5% grade can be obtained if only 
60 feat of vertical curve are required for each one percent of 
grade change. A 3.75% grade is possible if 80 feat of vertical 
curve are required par percent but only 3% grade can be 
incorporated with tha 100 foot par percent grade standard. A 6% 
grade is usad for all inter station distance of 5200, 7800 and 
13000 feat. 

Tables IV- 1 and IV-2 contain tha anargy and run time for trains 
running at full and half acceleration levels, respectively, for a 
variety of intarstation guidaway configurations. Tha run time is 
insensitive to tha vertical curve standard even for tha 
2,600 foot intarstation distance, in which tha tighter vertical 
curve criteria permits steeper grades to be usad on tha dip. In 
these cases tha vertical curves are all 300 feat long, but tha 
grades vary. Tha propulsion anargy consumption is slightly more 
sensitive than run tima especially for tha 2,600 foot distance 
where tha steeper grades raduca anargy requirements. 


15 - 


' TABLE IV-1 

ENERGY AND RUN TINE COMPARISONS - FULL ACCELERATION 


Xntttrstation Guldaway. Propulsion 

Distsnco Vortical Run Tino Energy 

(Foot) Curve (Seconds) (l^r) 


2,600 

60' (5% grade) 

52.9 

13.8 


80' (3.75X grade) 

S3. 3 

14.4 


100* (3% grade) 

53.5 

14.6 


Level Trac)c 

54.4 

15.7 


5,200 

60' (6% grade) 

77.6 

18.3 


100' (6% grade) 

77.9 

18.6 


Level Track 

79.2 

21.3 


7,800 

100' (6% grade) 

100.9 

20.6 


Level Track 

104.7 

24.9 


13,000 

100' (6% grade) 

147.0 

24.7 


Level Track 

150.8 

26.8 


Note: Dipped guidewsy has a 6% grade at all distances except 

2,600 feet where the grade depends on the vertical curve 
criterion, 60', 60' or 100' of length per 1 % grade change. 

Car characteristics given in Appendix are those of the 
Washington Metro car. Maximum depth of dips is 60 feet. 
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TABLE lV-2 

ENERGY AND RUN TIME COMPARISONS - HALF ACCELERATION 


Interatation 

Distance 

(Feet) 

Guideway, 

Vertical 

Curve 

Run Time 
( Seconds ) 

Propulsion 

Energy 

(kWhr) 

2,600 

60 ' (5% grade ) 

60.1 

9.2 


60' (3.75% grade) 

60.8 

9.6 


100' (3% grade) 

61.3 

9.9 


Level Track 

63.9 

11.0 

5,200 

60' (6% grade) 

85.8 

13.9 


100' (6% grade) 

86.7 

14.2 


Level Track 

92.7 

17.0 

7,800 

100' (6% grade) 

110.0 

17.4 


Level Track 

116.9 

21.8 

13,000 

100' (6% grade) 

156.1 

21.2 


Level Track 

163.0 

25.7 

Note: Dipped 

guideway has a 6% grade 

at all distances except 


2,600 feet where the grade depends on the vertical curve 
criterion, 60', 60', or 100' of length per 1% grade change. 


Car characteristics given in Appendix are those of the 
Washington Metro car. Maximum depth of dips is 60 feet. 
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TABLE XV-3 


COMPARISON OF RUN TINE, ENERCY CONSUMED 
DIPPED VS LEVEL GUXDEWAY USING FULL 
BRAKING RATE 


Interstation 

Distance 

(Feet) Configuration Percent Change 

Propulsion 
Run Time (X) Energy (T) 


2,600 

Level, full acc. 
Dipped, full acc. 
Level, half acc. 
Dipped, half acc. 

Baseline 

-1.7 -7.0 
17.5 -29.9 
12.8 -36.9 

5,200 

Level, full acc. 
Dipped, full acc. 
Level, half acc. 
Dipped, half acc. 

Baseline 

-1.6 -12.7 

17.1 -20.1 

9.5 -33.3 

7,800 

Level, full acc. 
Dipped, full acc. 
Level, half acc. 
Dipped, half acc. 

Baseline 

-3.6 -16.5 

11.7 -12.4 

5.1 -30.1 

13,000 

Level, full acc. 
Dipped, full acc. 
Level, half acc. 
Dipped, half acc. 

----Baseline------ 

-2.5 -14.2 

8.1 -10.8 

3.5 -26.4 


Note: Dipped guideway has a 6% grade at all distancea except 

2,600 feet where the dip is at 3%, All vertical curves 
based on 100' of length per 1% grade change. 

Car characteristics given in Appendix are those of the 
Washington Metro car. Maximun depth of dips is 60 feet. 
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ir« eoncludfli that thara ia'sona banafit to furthar invaatiattion 
of vortical curva critaria, aapacially for abort intaratation 
dlatancaa. Howavar^ for tha aiauXatioa j^aaa of tha projact« tha 
conmon profaaaional daaign atandard of 100 faat of vortical curva 
(minimum) par parcant grada changa ia uoad. Tha primary 
maaauramant in tha aimulatlon run tima ditfarantlala ia aatiraly 
inaanaitiva to thaaa critaria. 

Tabla XV-3 ia tha main raault of thia aaction. It c^paraa tha 
run tima and anargy conaumption of tha dippad (uaing tha 100 foot 
vartical curva atandard) and laval ayatama. Tha laval guidaway 
with full accalaration ia tha baaalina for aach intaratation 
diatanca. Parcantaga changaa in run tima and anargy conaumption 
for tha dippad guidaway at full and half accalaration and tha 
laval guidaway at half accalaration ara ahown. Aa ahown« tha 
dippad guidaway can aubatantially raduca anargy conaunqption. At 
full accalaration propulaion anargy conaxamption of tha dippad 
guidaway ia from 1 . 0 % to 16. 5X laaa than tha laval guidaway, 
dapanding on intaratation diatanca, with run timaa lowarad two to 
four parcant. Raducing tha accalaration laval of tha cara from 
full to half alao off ara a major anargy aaving for both ayatama . 
Tha panalty in run tima ia laaa for CART, howavar, bacauaa tha 
dip itaalf contributaa a aignlficant fraction of tha total 
accalaration. (A 6% dip ia aqulvalant to 1.2 Bg>hpa of 
accalaration. ) 

At half accalaration, tha propulaion anargy aavinga of tha dippad 
ayatam ranga from 26.4 parcant to 36.9 parcant. Tha run tima 
panaltiaa ranga from 3.5 parcant to 12.6 parcant. Tha ralativa 
advantaga of tha dip, which in our daaign haa a fixad aisa, 
dimini ahaa with intaratation diatanca bacauaa traina raach and 
maintain tha apaad limit, during which thara ia naithar a panalty 
nor aavinga aaaociatad with tha dippad ayatam or a raducad 
accalaration laval. 

Wa alao aimulata tha affact of a raducad braking rata on anargy 
and run tima calculationa. Tha lowar braking rata, 75 parcant of 
normal , cauaaa traina to dacalarata for atationa at a graatar 
diatanca from atationa. In aome caaaa, traina can't raach top 
apaad bafora having to braka for a atation. Tha affact on 
propulaion anargy conaumption ia tha aama aa if tha train wara 
coaating in tha atation approach. 

Tablaa IV-4 and XV-5 ara parallal to Tablaa XV-1 and XV-2 but 
rapraaant tha raducad braking laval. Tha parcantaga propulaion 
anargy aavinga, aa ahown, ara graataat for tha 2600' intaratation 
diatanca whara a train doaan't raach tha top apaad. Xn thia 
caaa, tha lowar braking rata maana traina braka aarliar and from 
a lowar apaad. Tabla XV-6 praaanta tha parcantaga changaa in run 
tima and anargy conaximption of traina on tha laval or dippad 
guidaway at full or half accalaration laval with tha 75 parcant 
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braking rata coraparad to* tha baaalina of tha laval guidaway at 
full aecalaration. This ia a furthar daaonatration that tha 
raducad braking rata or othar coasting policy conbinad with tha 
half aecalaration and tha dippad guidaway can hava a significant 
iag>act on anargy conaui^tion: dippad ayatan anargy aavinga ranga 
from 28.8 parcant to 42.0 parcant with run timaa incraaaing from 
7.2 parcant to 19.5 parcant. Tha raducad braking rata also cuts 
anargy conaump!:ion on tha laval ayatam, although at a aomawhat 
graatar incraaaa in run ti»a. 
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’TABLE ZV-4 


ENERGY AND RUN TINE COMPARISONS FOR 75% BRAKING 



RATE - FULL 

ACCELERATION 


Intarstation 

Guidaway, 


Propulsion 

Diatanca 

Vartical 

Run Tima 

Enargy 

(Faat) 

Curva 

(Saconds) 

neWhr) 

2,600 

60' (5% grada) 

57.0 

13.0 


60' (3.75% grada) 

57.3 

13.4 


100' (3% grada) 

57.5 

13.8 


Laval Trade 

58.3 

14.9 


5,200 

40 ' (6% grada ) 
100' (6% grada) 

62.7 

17.2 


83.0 

17.6 


Laval Track 

86.0 

20.4 


7,800 

100' (6% grade) 

106.2 

20.1 


Laval Track 

109.9 

.24.6 


13,000 

100' (6% grada) 

152.6 

24.0 


Laval Track 

156.0 

28.4 


Nottt: Dipped guid«wfiy has a 6% grad# at all diatancas axcapt 

2,600 fast whara tha grada dapands on tha vartical curva 
crltarion, 60', BO' or 100' of langth par 1% grada changa. 

Car charactari sties glvan in Appandix ara thoaa of tha 
Washington Matro car. Naximun dapth of dips is 60 faat. 
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* ‘TABLE IV-5 


ENERGY AND RUN TINE COMPARISONS FOR 75% BRAKING 



RATE - HALF 

ACCELERATION 


Interstation 

Guideway.. 


Propulsi 

Distance 

Vertical 

Run Time 

Energy 

(Feet) 

Curve 

( Seconds) 

(kWhr) 

2,600 

60' (5% grade) 

63.8 

8.4 


80' (3.75% grade) 
100' (3% grade) 

64.5 

8.8 


65.0 

9.1 


Level Trac)c 

67.4 

10.3 

5,200 

60 ' (6% grade ) 

90.6 

12.9 


100' (3% grade 

91.6 

13.2 


Level Track 

97.2 

16.3 

7,800 

100' (6% grade) 

115.3 

16.9 


Level Track 

122.1 

20.8 

13,000 

100' (6% grade) 

161.7 

20.5 


Level Track 

168.2 

25.3 


Note: Dipped guideway has a 6% grade at all distances except 

2,600 feet where the grade depends on the vertical curve 
criterion, 60’, 80' or 100' of length per 1% grade change. 

Car characteristics given in Appendix are those of the 
Washington Net*o car. Maximum depth of dips is 60 feet. 
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^ABUE XV-6 

COMPARISON OF RUN TINE, ENERGY CONSUMPTION OF 
DIPPED AND LEVEL GUIDEWAYS AT 75% BRAKING 
RATE WITH FULL BRAKING RATE 


Inst«rstation 

Distanre 

(Fact) Configuration 


Percant Changa (Laval, 
Full Accal Full Braka is 
basalina. Saa Tabla IV«1 
for valuas) . 


Propulsion 


2,600 

Level, full acc. 75% brake 

Run Tima 
7.1% 

Energy 
- 5.1% 


Dipped, full acc. 75% brake 

5.7 

-12.1 


Laval, half acc. 75% braka 

23.9 

-34.4 


Dipped, half acc. 75% brake 

19.5 

-42.0 


5,200 

Level, full acc. 75% brake 

8.6 

- 4.2 


Dipped, full acc. 75% brake 

4.7 

-17.4 


Laval, half acc. 75% brake 

22.8 

-23.5 


Dipped, half acc. 75% brake 

15.7 

-38.0 


7,800 

Laval, full acc. 75% brake 

5.0 

- 1.2 


Dipped, full acc. 75% brake 

1.5 

-19.3 


Laval, half acc. 75% brake 

16.6 

-16.5 


Dipped, half acc. 75% brake 

10.1 

-32.1 

13,000 

Level, full acc. 75% brake 

3.4 

- 1.2 


Dipped, full acc. 75% brake 

1.2 

-16.7 


Level, half acc. 75% brake 

11.6 

-12.2 


Dipped, half acc. 75% brake 

7.2 

-28.8 


Note: Dipped guidaway has a 6% grada at all distances axcept 

2,600 fast whara tha dip is at 3%. All vartical curves 
based on 100* of length par 1% grada changa. 

Car characteristics given in Appendix are those of tha 
Washington Metro car. Maximum depth of dips is 60 feet. 


\ 


i 


- 23 - 


V ANALYSIS OF CROSSOVER LOCATION 


An amalysit was parforiMd to dotormino tho boat location for 
crosaovora on tha dippad guidaway. Two placMianta wara taatad. 
Ona location ia naar tha atation« bafora tha dip and tha othar ia 
down in tha middla of tha dippad aaction. Tha analyaia covara 
only tha two longar intar atation diatancaa, 7800 faat and 
13,000 faat. Tha aaaumad guidaway daaign critaria do not pamit 
croaaovara in dippad guidaway configurationa with laaa thui 
5600 faat batwaan atationa. An undar-and-ovar croaaovar daaign 
uaad to connact tracka whan pi' cad ona abova tha othar would 
raquira an avan graatar diatanca batwaan atationa than tha 
aida*by-aida achana conaidarad. 

a. Dasiqn Critaria 

A nunbar 8 croaaovar, about 200 faat long, with a apaad limit of 
22 mph ia uaad. In tha first case (Figura V-la), tha croaaovar 
ia locatad bafora tha dip, 600 feat from tha atation. This 
aaparation anablas a train to make a normal atop in tha atation 
if tha aignal at tha croaaovar ia displaying a atop command. 
Six hundred faat is tha safe braking distance for 22 mph. 
Following tha crossovar, ona train length (300 faat) plus tha 
braking distance (600 faat) ia on level track bafora the dip 
begins. A turnback is located at the end of the 600 foot block 
to enable trains to reverse direction. The vertical curve for 
tha dip therefore begins 1700 feat from the station. 

In the second case, the crossover is in the dip, with turnbacks 
locatad 900 faat from either and, as in Figure V-lb. If the 
crossover is closer than 1100 feet to the base of tha dip, trains 
would brake on the dip to hold speed to safely traverse the 
crossovar when it is in the reverse position, or to stop if there 
is a atop aignal at tha crossover. 

Some of the parameters of tha dippad guideway could be changed to 
permit crossovers to be locatad in tha more closely spaced 
stations. If tha grade were only 3 percent, tha total length of 
track allocated for the four vertical curves par station pair 
would drop from 2400 feet to 1200 feat. In addition, since 
trains can more easily stop and accelerate on tliis grade, the 
turnback might be locatad on tha dip or on tha vertical curve. 
This would permit crossovers to be locatad within tha 
configuration of the 5200 foot interstation distance. 
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Figure V-1A Crossover Near Station 





For 7800* Intorttotlon Olotonco B: 1160' 
For 13000* bitorototion DIotanco B: 3700 



b. R»»ults 


Six Mts of TPC runt %rtrt mtdt. In til ctttt, trtint tttrt tt 
ont ttttion tnd procttd to tht ntxt without ttopping. In tht 
ttrtight novtt, thty bypttt tht crottovtr tnd ttty on tht ttnt 
trtck. In tht rtvtrtt movtt, trtint twitch trtckt tt tht 
crottovtr. Htlf-tcctltrttion runt wtrt mtdt for ttch ttrti^t 
BOVt« primtrily tt t ttntitivity tttt. Etch ttt contittt of t 
run for tht 7800 foot tnd tht 13000 foot inttrttttion ditttnct. 
Tht rttultt trt shown in Ttblt V>1. 

At tht ttblt thowt, tht run timt tnd tntrgy conturaption for tht 
ttrtight (normtl) movtt trt tlightly lowtr whtn tht crottovtr it 
in tht dip. Tht run tint it lowtr btctutt tht locttion of tht 
dip it nttrtr to tht ttttion tnd ptrmitt trtint to clttr twty 
from tht ttttion ftsttr. Tht tntrgy contumtd it Ittt btctutt tht 
high ptrformanct ctrt nodtltd do not rtach tht tpttd limit btfort 
compltttly dtsctnding tht dip. VIhtn tht crottovtr it tlovt tht 
dip, trtint rttch tht tpttd limit btfort tht bottom of tht dip. 
Tht full tntrgy stving btntfits of tht dip trt thus not obttintd. 
Tht half acctltration ttst was madt to dtttrmint tht ttntitivity 
of this rtsult. Evtn at half acctltration trains rtach lint 
tpttd btfort dtsctnding tht dip if tht dip btgins 1700 fttt from 
tht station. Thty do to clostr to tht bottom, howtvtr, so tht 
difftrtnct in tntrgy consumtd is contidtrtbly narrowtr. 

It, thtrtfort, sttms liktly that rtgardltst of tht tvtntual 
vthiclt capability thtrt will bt a btnafit to locating tht 
crossovtr in tht dip whtntvtr optrations trt normtl. Howtvtr, on 
thost Itts frtqutnt occasions whtn it would bt ntctstary to ust 
tht crottovtr, a significant ptnalty would bt paid in run timts, 
tntrgy consumption and optrating tfficitncy. 

Locating tht crossovtr ntar tht station ttvts about thrtt stconds 
tnd two kilowatt hours in normal optrttion (rtgtrdltss of tht 
inttr station distanct) but costs about ttn stconds tnd nint to 
twtlvt kwhr ptr train during rtrouting. Tht Itrgt tntrgy 
difftrtntial occurs btctutt trains acctltratt twict if tht 
crossovtr it in tht dip: onct Itaving tht station tnd again 
Ittving tht crossovtr. Tht grtattr run timt rttultt from timt 
sptnt braking and acctltrating at tht crossovtr. In practict tht 
run timt difftrtntial would bt tvtn grtattr btctutt tht signal 
systtm would tnsurt that trains with a minimum braking capability 
art down to tht crossovtr tpttd btfort tnttring. Trains with tht 
nominal braking ratt would achitvt this spttd wall upstrtam. 

Thtrt trt optrationtl advantagts as wall for locating tht 
crossovtr ntartr tht station. Short- turning is tatitr sinct 
trtint don't htvt to go so far past tht station. Htadwtys could 
also bt lowtr both for following tnd opposing movts, dut to tht 
lowtr run timt. 
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TABLE V-1 

CROSSOVER ANALYSIS 
ENERGY^ RUN TINE COMPARISONS 


Crossover Locstion/Move 

Run Tine 
( seconds ) 

Energy 

Consusg>tion 

(kWhr) 

7800* Stations 

Above Dip/Straight 

103.7 

23.0 

I.i Dip/Straight 

100.9 

20.8 

Above Dip/Reverse 

123.6 

20.4 

In Dip/Reverse 

132.5 

28.9 

Above Dip/Straight/Ralf Acc 

114.6 

18.4 

In Dip/Straight/Half Acc 

110.0 

17.4 

13000' Stations 

Above Dip/Straight 

149.7 

26.5 

In Dip/Straight 

147.0 

24.7 

Above Dip/Reverse 

169.7 

24.3 

In Dip/Reverse 

180.5 

36.0 

Above Dip/Straight/Half Acc 

160.7 

22.2 

In Dip/Straight/Half Acc 

156.1 

21.2 


NOTE: Crossover position "Above Dip” is shown in Figure V-IA. 

Crossover position "In Dip" is shown in Figure V-IB. 
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VI ANALYSIS OF LINE CAPACITY 

Section IV d«als with «n«r9y «nd run time advantages of the 
dipped guideway. The analysis is baaed on the use of a TPC« 
which models one train at a time. The network or systemwide 
inqplications are covered in the simulation i^aae of the project^ 
addressed in this and the following section. 

There are two ayatems which control transit operations: the 
signal system and the central control or dispatching system. The 
signal system is inherently local. Thm speed trasmitted to a 
train depends only on its location and that of the downstream 
train. Such factors as time-of>day and whether this or other 
trains are on schedule are ignored. This is the province of the 
central controller who can act in response to the global 
situation. 

Modelling the central control system is outside the scope of this 
study. We have however postulated that a basic goal of the 
dispatcher of a dipped guideway would be to prevent or minimize 
signal delays in station approaches which would cause trains to 
power up the hill. The results of an attempt to implement this 
strategy using the signal system are discussed. 

a. Development of Signal System 

Block designs for both the dipped and level systems were 
initially developed with design objectives permitting 90- second 
headways at speeds of 55 mph. This is a high speed for such 
short headways, but is chosen for the following reasons: 

1. Trains on the dipped system reach a speed of 35 mph at the 

bottom of the dip if no power is applied. In the usual case, 

when full power is used, trains reach 55 mph. The speed 

command sent to trains leaving a station should enable trains 
to traverse the dip at maximum performance. 

2. Trains reach the beginning of the upgrade to the next station 
at 55 mph on their stopping profile. If a lower speed were 
used, trains would have to power up a portion of the upgrade. 

The dipped system, therefore, is most energy efficient at a 

moderately operating high speed. If the speed is lowered to 

increase capacity, then energy efficiency is reduced. The level 
system has no such dependence on high speed. A block design for 
a level system could be prepared which would permit even shorter 
headways although at lower speeds and consequently longer run 
times. For the sake of comparisons, however, the design criteria 
for both systema were the same. The block designs that resulted 
have the same number of blocks and the same number of speed 
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conmands in aach block, fha cost of tha signaling systans should 
tharafora ba tha sana. 

Tha block dasigns that vara praparad wara tastad with TRANSPORT 
at a variaty of haadways batwaan 180 and 60 saconds. Naithar 
block dasign would anabla trains to oparata for any langth of 
tima at haadways of 90 saconds or lass, dua to insufficiant slack 
haadway. Tha block dasigns wara, tharafora, rafinad to alininata 
tha bottlanacks to shortar haadways. Tha rasulting dasigns wara 
again tastad vith TRANSPORT. 

Tha modifiad block dasigns again hava tha sama nunbar of blocks 
as aach other and tha sama number of speed commands in aach 
block. The costs of aach system are thus similar and would ba 
slightly higher than tha initial system dua to tha somewhat 
greater number of blocks. The modifiad block desiqrns permit 
considerably shorter haadways. The minimxim haadway for the level 
system has been reduced from 94 seconds to 81 saconds and for the 
dipped system from 94 saconds to 87 saconds. 

Tha lower minimum headway for the level system stems from an 
inherent capacity advantage of this type of system (discussed 
below) and from the particular design parameters chosen for this 
study. The primary design factors are tha high-performance car 
(the acceleration curve is the same as that of tha Washington 
Metro car) and tha steep grades of 6 percent. In combination, 
they result in a car speed of 55 mph at the base of the 
downgrade. In the stations that are one mile apart, a train 
would reach the bottom of the downgrade while the preceding train 
is in the next station if eighty second headways are scheduled. 
This results in a stop command being issued which in turn results 
in an unstable operation. This stop command, which would be 
issued when dispatching headways are well below 90 seconds, might 
be avoided by adopting one or more of the following: 

• Reduce the acceleration level of the train when such headways 
are encountered; 

• Issue lower speed limits on the downgrade; 

• Reduce the size of the grade. 


The second measure would require trains to use brakes on the 
downgrade. The third measure would affect all trains regardless 
of headway. The first measure can be achieved in the design of 
the control system. For example, the control system for the 
Washington Metro can modify the acceleration level of cars as a 
function of the current lateness of trains, or in response to 
power system failures. 
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b. Simulation Exp#riwnt» 


TRANSPORT has baan usad to taat tha capacity of all tha block 
daaigna davalopad for tha dippad and laval aystama. To do thia, 
fiva flaata of traina, aach with a diffarant intamal haa^ay, 
wara diapatchad from stations DOl at tha south and of tha dippad 
lina and LOl at tha south and of tha laval lina. Tha haadwaya 
batwaan trains in flaata wara: 180 aaconds^ 140 saconds, 
120 saconda, 90 aaconds, 80 aaconds. TRANSPORT calculatad run 
timaa for all trains in aach flaat and produced details regarding 
all signal delays ancountarad. Tha run times to stations D08 in 
tha middle of tha dippad lina and to D16 at tha and and to 
stations L08 and L16 in tha same positions on the level line« 
presented in Table VI >1 for selected trains « are measures of 
system performance. The results are based on the initial block 
design. 

As Table VI-1 shows, trains on both the dipped and the level 
systems travel substantially at top speed, with a minimum of 
signal delays at headways of two minutes (120 seconds) and more. 
When trains are dispatched at 90- second headways, signal delays 
are frequent and trains travel generally at 55 mph instead of 
75 mph. The fact that a stable run time profile is not reached 
even after the twelfth train in the 90-second fleet, shows that 
the 90-second headway operation is marginal for both the dipped 
and level systems with these block designs. This was further 
borne out when an attempt was made to operate at 80- second 
headways. Run times for both systems increased and trains were 
often stopped in station approaches due to signal delays. 

The same experiments were repeated with the revised block design. 
The results, shown in Table VI-2, are generally similar for 
Fleets 1, 2, and 3. However, in Fleet 4, the run times stabilise 
in each case and at values less than those in Table VI-1. Note 
that at 90-second headways, the run time difference between 
dipped and level trains at the 12th train is less than that at 
the first train when trains are running at top speed. This shows 
the higher capacity of the level system. 

The results of the simulation for Fleet 5 are presented in 
Table VI-2. They were omitted from Table VI-1 because trains 
were not able to operate at even the 90-second headway schedule. 
Table VI -2 shows that the level trains can operate at these 
headway levels while the dipped trains cannot. Run times for the 
dipped trains are nearly as great as those of the level system. 
The stabilization of runtimes at 80 second headways on the level 
system shows that the minimum headway is in the neighborhood of 
80 seconds, actually 81 seconds. The 87 second minimum headway 
on the dipped system is reflected in Table VI-2 by the marginal 
stabilization of run time at 90 second headways and its absence 
80 second headways. 
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TABLE VI-1 


RUN TINES TO THE MIDDLE (6TH) AMD LAST (16TH) STATION. 

INITIAL BLOCK DESIGN. 


Train 


Fleet 1 H > 180 

Train 1 
2 
3 


Dipped System 
D16 

(Min-Sec) 


9-46 27-39 
9-46 27-39 
9-46 27-39 


Level Svatero 

LOS L16 

(Min-Sec) (Min-Sec) 


10-06 28-42 
10-06 28-42 
10-06 28-42 


DOS 

(Min-Sec) 


Fleet 

Train 

2 H » 140 
1 

9-46 

27-39 

10-06 

28-42 


2 

9-52 

27-50 

10-06 

28-46 


11 

9-52 

27-50 

10-06 

28-46 


Fleet 

Train 

3 H = 120 
1 

9-46 

27-39 

10-06 

28-42 


2 

9-55 

27-51 

10-15 

28-54 


3 

9-57 

27-57 

10-15 

29-01 


11 

9-57 

27-57 

10-15 

29-04 


Fleet 

Train 

4 H « 90 
1 

9-46 

27-39 

10-06 

28-42 


2 

10-03 

28-06 

10-26 

29-18 


3 

10-07 

28-23 

10-32 

29-40 


8 

10-23 

29-12 

10-57 

30-19 


9 

10-25 

29-18 

11-02 

30-24 


10 

10-29 

29-23 

11-06 

30-28 


11 

10-31 

29-26 

11-11 

30-33 


12 

10-35 

29-30 

11-15 

30-37 
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TABLE VI -2 


RUN TIMES TO THE MIDDLE (8TH) AND LAST (16TH) STATION. 

FINAL BLOCK DESIGN. 


flmmt/ 

Train Dipped Svstam Laval S vat am 





D08 

D16 

LOS 

L16 




(Min- Sac) 

(Min- Sac) 

(Min-Sac) 

(Min-Sac) 

Flaat 

1 

H = 180 





Train 

1 


9-46 

27-42 

10-06 

28-42 


2 


9-46 

27-42 

10-06 

28-42 


3 


9-46 

27-42 

10-06 

28-42 

Flaat 

2 

H = 140 





Train 

1 


9-46 

27-42 

10-06 

28-42 


2 


9-52 

27-48 

10-06 

28-42 


11 


9-52 

27-48 

10-06 

28-42 

Fleet 

3 

H = 120 





Train 

1 


9-46 

27-42 

10-06 

28-42 


2 


9-58 

27-54 

10-06 

28-46 


3 


10-01 

28-05 

10-06 

28-45 


11 


10-01 

28-06 

10-06 

28-45 

Flaat 

4 

H = 90 





Train 

1 


9-46 

27-42 

10-06 

28-42 


2 


10-07 

28-12 

10-18 

29-10 


3 


10-12 

28-27 

10-23 

29-33 


8 


10-18 

29-11 

10-23 

29-46 


9 


10-15 

29-09 

10-23 

29-46 


10 


10-16 

29-06 

10-23 

29-46 


11 


10-16 

29-06 

10-23 

29-46 


12 


10-18 

29-08 

10-23 

29-46 

Flaat 

5* 

S 

II 

CD 

o 





Train 

1 


10-25 

29-20 

10-30 

29-54 


2 


10-34 

29-27 

10-35 

30-03 


3 


10-41 

29-35 

10-41 

30-10 


9 


11-25 

30-28 

11-02 

30-49 


10 


11-32 

30-36 

11-06 

30-55 


11 


11-38 

30-42 

11-02 

30-58 


12 


11-46 

30-49 

11-00 

31-01 


13 


11-53 

30-57 

11-02 

31-03 


* Trains in Flaat 5 follow Flaat 4 to spaad convarganca to tha 
steady state. Thus, tha higher run time for Train 1. 
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c. Lina Capacity DlffT>nc»« 


Xn Any syttAm, wh*n two trains^ at a qivmn apaad, follow aach 
othar, thay muat ba aaparatad by thair aafa braking distanca. If 
tha apaad and grada vary, ao will tha SBD. Tha ninlaua haadway 
is tha smallast intarval at which such trains can ba dispatchad 
and always ba safaly saparatad. Tha critical point at %diich thay 
ara axactly SBD apart usually occurs whan ona train is 
approaching a station and tha landing train has CMnplatad its 
dwoll and just claarad tha station araa. Tha minimum haadway is 
tha tima to traval from tha followar's to tha laadar's position. 
Tha calculation of SBD is basad on tha following train 
maintaining tha signal lad spaad. Howavar tha schadula raquiras 
tha train to slow down and dwall in tha station and than 
accelarata. 

If a curva of minimum haadway vs. oparating spaad wara drawn, it 
would hava tha form of Figure VI-1. Tha reason for tha optimtim 
point is that trains ara saparatad by SBD plus ona train length. 
At low speeds tha time to traval ona train length is great. At 
high spoads tha tima to traval tha braking distanca, which is 
proportional to tha square of tha spaad, is great. In between 
lias tha optimal value, typically around 35 or 40 mph. A full 
discussion of this is given in tha book Urban Rail Transit by 
Lang and Sobarman (MIT Press). 

Tha minimum haadway of tha dipped and level systems is initially 
determined for two trains running at maximum speeds. In this 
case tha minimum haadway for tha dipped system is actually lower 
than that of tha level system, but not low enough to permit 
90 second headways. Tha dipped system has a lower minimum 
headway because the critical point occurs when the following 
train is at the bottom of the dip. The SBD on the dipped system 
(2690 feet) is lower than the level system (3440 feet) at 75 mph 
because of the influence of the upgrade. 

As the design speed for peak headways is reduced to enable the 
90 second headway operation, the safe braking distances are 
reduced and the critical point moves closer to the station. That 
is, the critical point moves from the bottom to the top of the 
grade on the dipped system. At the top of the grade the SBD on 
the dipped system (1970 feat) exceeds that of tha level system 
(1240 feet) at 40 mph, because of the influence of tha downgrade 
following tha station. This is tha reason for tha ultimata 
capacity advantage of tha level system. 

The dipped system then could have a greater capacity than tha 
loval system at maximvus speeds, but has a lower capacity at tha 
speeds required for 90 second headway operation. 
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HEADWAY 



Headway vs. Speed 



In qmnmtml, th« dipped* tystM is nor# suitsd to high spssd 
opsrstion bscsuss of ths high spssd rsschsd st ths snd of ths 
downgrsds Issving ststicns. This spssd should bs msintsinsd 
until trains rssch ths bottom of ths nsxt upgrsds« whsrs thsy 
coast and braks to a stop. Opsr sting at lass than 55 mph rsducss 
ths snsrgy savings of ths dippsd systsm bscsuss trains would 
motor up ths lowsr part of ths upgrads. Should daisy conditions 
causa trains on ths dippsd systsm to braks on downgradss or motor 
on ths upgradss, ths snsrgy consumption could actually sxcssd 
that of ths Isvsl systsm. Such dslays do not offset ths snsrgy 
consumption of ths Isvsl systsm. 

It should bs msntionsd that thsro ars vary fsw rail transit 
systsms or routss which opsrats at headways shorter than two 
minutes. Most heavy rail systsms have adequate passenger 
carrying ability at this headway. Thus ths capacity advantage of 
the level system drops as design headways rise above 90 seconds. 

d. Analysis of Extended Control Lines 

We postulated that one potential problem with dipped systems is 
that if not properly controlled, trains will receive signal 
dslays in the areas approaching stations. These restrictive 
signals which would cause trains to slow down or stop on the 
upgrads would negate energy savings and cause operational 
problems. To mitigate this problem, ws developed an alternate 
set of control lines wherein a train leaving a station would not 
receive the top speed command unless the nsxt station was clear 
even though it would bs safe to transmit this command with much 
less distance between trains. The effect of this should bs to 
transfer ths delay from the station approach to ths beginning of 
the level section. In this area ths trains would bs held there 
to 55 mph until the next station is clear. 

The analysis of the simulation runs, however, showed that this 
particular implementation was ineffective. Ths lengthened 
control lines created dslays where none would have occurred. Run 
times suffered without any benefit to capacity. Nonetheless the 
control system that would be required for a dippsd guideway 
systsm should have as one objective the elimination of 
restrictive signals on the upgrades and downgrades of ths system 
to maximize run time and energy consumption benefits. However, a 
more flexible approach than this simple one, hard-wired into a 
signal systsm, would be required. 
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VII ANALYSIS OF FAILURE IMPACTS 

In addition to the capacity analysis already perfomed, which 
resulted in the refinement of the signal system and verified the 
minimum headway that can be scheduled, a set of operating 
contingencies have been developed to test the relative 
performance of the dipped and level systems. These contingencies 
are based on typical operating problems and occur for various 
durations and headways. 

To perform this analysis we have reviewed one week of incident 
reports and one month of summary statistics of the Washington 
Netro. Reportable incidents randomly occurred in from 2 percent 
to 6 percent of the trips. About 80 percent of the reported 
incidents involved no delay. Less than 0.5 percent involved a 
delay of 10 minutes or more (one of the 250 trains on a line each 
day). Failure impact, including possible rerouting, depends on 
headway, time of day, and other factors. 

Motor overloads, doors, brakes, and automatic train control (ATC) 
problems were the principal causes of incidents. These often 
were due to stuck brakes or doors, lost indications or displays, 
blown fuses and loose plugs. The large ridership on the Metro 
also creates a demand for cars which occasionally exceeds the 
supply, resulting in the cancellation of some trains. 

In addition to reportable incidents, trains may be delayed by 
unreportable causes. An example is held doors in a station. 
Trains also are delayed because the train ahead is slow. It is 
not always possible to pinpoint the cause of lateness. The Metro 
considers three minutes late to be excessive. About 95 percent 
of the trains are on time. 

a. Types of Failures 

We distinguish four classes of failure. 

This includes failures of a train at 
stations. Examples are: a door malfunction, 
stuck brakes, inadvertent application of 
emergency brakes and consequent waiting time 
to recharge. Such delays can last from three 
to twelve minutes. Stuck handbrakes and the 
inability to key up are problems that occur at 
terminals. These can last for five to twenty 
minutes, but the delay to passengers is less 
if a train can be brought in on the other 
track. Thus terminal delay to passengers are 
usually less than one headway. 


Station Delays 
Major 
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Station Delays- This category includes excess dwell 

Minor times and tei^rary failures. Duration of 

these is from a few seconds to one minute. 

Delays En Route - Reduced Acceleration. Acceleration of a train 

may be reduced by defective or cutout 
equipment, or by a power outage affecting all 
or part of the line. 

Delays En Route - Reduced Top Speed. The top speed of trains is 

reduced when proceeding through a work area, 
or running through a station. Failures which 
result in a truck being cut out (hence partial 
acceleration as well as partial braking) could 
also cause a lowered top speed. Car failures 
which result in the cutout of the signal 
system might cause a lower top speed. If a 
train is given a manual block and instructed 
to move to a given yard or terminal, the 
central supervisor might want the train to 
move as fast as possible. If such a manual 
block is not made a lower speed could be set. 

b. Failures Simulated 

Part of the usual simulation of a failure is the action of the 
central supervisor. He may take a variety of actions to mitigate 
the problem. The scope of our analysis, however, does not 
include central control. We do not determine whether any 
rerouting would be performed or whether trains would be held in 
stations. 

In the simulations a failure occurs, trains are delayed, the 
system restores itself (if possible) and normal operation 
resumes. The significant measurement is the differential impact 
of the failure and the speed of restoration on the level versus 
the dipped system. Accordingly severe failures which would in 
practice be deflected with a compensating strategy are not 
included in our analysis. The maximtim failure duration is six 
minutes. All failures are simulated at three headways: 90, 120 

and 180 seconds on both the level and dipped systems. 

Station Delays 

At the fourth station on each system a train is held at the 
station for 30 and 60 seconds to simulate minor failures and 
three and six minutes to simulate more severe failures. Failures 
significantly greater than six minutes often result in operator 
intervention to mitigate the problem or result in a major 
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degradation of ayatem parfonaanca that would halt operation on 
both the level and dipped ayateraa. 

Acceleration Linit 

Three runa aimulate different failurea which cauae acceleration 
reductiona. The acceleration of one train ia United to 
75 percent of ita nominal value to repreaent a propulaion failure 
on the train. The acceleration of all traina ia limited to 
50 percent of nominal value for the firat three atationa and for 
the entire line to aimulate failurea to one aubatation or a 
ayatemwide power reduction, respectively. 

Top Speed Limit 

The top speed of trains between the first and second station is 
limited to 20 mph to simulate operation through a work area, and 
to 30 mph to simulate an additional limit and to provide a 
sensitivity measurement. 

c. Design of Experiments 

Each failure is simulated on each system (level and dipped) and 
at each scheduled headway (90, 120 and 180 seconds). There are 
nine failures: 

1-4) 30, 60, 180 and 360 second station delays to one train 

5-6) 20 and 30 mph top speed limits, one station, all trains 

7) 75% acceleration limit to one train, entire run 

8) 50% acceleration, all trains, first three stations 

9) 50% acceleration, all trains, entire run 

The experimental design is factorial because each failure is 
simulated with all combinations of the other two variables 
(system and headway). There are thus a total of 54 separate 
experiments in the failure analysis. In each experiment, a fleet 
of trains is dispatched for 30 minutes. The fleet comprises 11, 
16, and 21 trains when scheduled headways are 180, 120 and 
90 seconds, respectively. Longer fleets at shorter headways are 
modelled because the extent of the failure is more pervasive. 
Where the failure directly impacts one train, the first in the 
fleet is failed. 

The impact of the failure is measured by comparing the run times 
of the trains in the fleet to the run times for the corresponding 
fleet, absent the failure, as presented in Table VI-2, above. 
The difference in run times, with and without the failure, for 
example, to the fifth train in a fleet of trains at 90 second 
headways on the level system, is tabulated as the delay. The 
results of the capacity analysis thus serve as the experimental 
control for the contingency analysis. 
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d. 


Results 


In the following sections, the results of each simulation 
experiment are discussed. Generally the failures are divided as 
transient delays which impact one train directly, such as the 
station delays, and permanent delays which affect all trains, 
such as the systemwide acceleration failure or the top speed 
limit. As is shown, the number of trains affected by transient 
delays depends on the system and headway. Except in the case of 
the six-minute station dwell failures, the delays are eventually 
dissipated. 

The permanent delays affect the system capacity or minimum 
headway. In this case, if the minimum achievable headway is 
increased above the scheduled headway, delays build up 
continuously. If the scheduled headway is greater than the 
minimum headway, the main effect usually is that all trains have 
their nin time increased by the value of the delay. 

Station Delays - Minor 

The 30-second station delay does not cause any delay to following 
trains at 180- second headways. The delay is entirely absorbed by 
the system slack. At 120-second headways, there are slight 
delays on both the dipped and level systems, but those on the 
level system are greater. This is because at 120 second headways 
trains run at top speeds where the dipped system is more 
effective, as described in Section VI. c. 

Figure VII-1 contains the graphs of delay vs. the numerical 
position of a train within its fleet for the Station 
Delays - Minor (30 seconds). Train 1 is the first train in the 
fleet, train 2, the second, etc. The delay tabulated is the 
difference in run times for trains in this fleet, and the 
corresponding control fleet on the same system, at the same 
headway, run in the capacity analysis. 

At 90 second headways, the delays in the level system are 
considerably less extensive: only three trains are delayed more 
than ten seconds, including the train with the initial failure. 
Seven trains on the dipped system are delayed ten or more 
seconds . 

This pattern, wherein delays at longer headways are less severe 
on the dipped system but more severe at shorter headways, repeats 
for 60-second station delays. The results are presented in 
Figure VI 1-2. There are no delays at three-minute headways: the 
slack headway (the difference between operating headway and the 
minimum headway) is considerably greater than the magnitude of 
the delay. Although some signal delays developed upstream of the 
failure, which occurred at the fourth station, none went as far 
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back as tha second station bn the level system. Onm dipped train 
was delayed approaching the second station. 

Note, that for the most part, even where dipped system trains 
have greater delays, their overall run time is lower. Delays on 
the dipped system must exceed those of the level system by one 
minute or more in order for the run time advantage to be lost. 

Station Delays - Major 

Figure VII<-3 presents the delays to trains at the end of the line 
as a result of 180-second station delays. The delays are 
significant at 180- second headways, and even larger at the 
shorter headways. At 90-second headways, the twenty- first train 
in both the dip and level systems is delayed. In the dipped 
system case, the delay would probably not dissipate before the 
peak period was over. 

An estimate of the number of trains affected by a delay may be 
gained by dividing the delay by the slack headway. When 
scheduled headways are 90 seconds, the slack headways of the 
dipped and level systems are 3 and 9 seconds, respectively. 
Thus, about 60 dipped or about 20 level trains would dissipate 
this delay. Note that slope of the delay curve in Figure VI 1-3 
equals the slack headway from train eight on. At larger 
operating headways the percentage difference in slack between the 
dipped and level systems is smaller so the performance is more 
eq[ual. 

Figure VI 1-4 presents delay statistics for the level system at 
both the middle of the line (eighth station) and the end of the 
line. In each case, the point is downstream of the location 
where the 180- second station delay occurred (i.e., the fourth 
station) . In this case the results for the dipped and level 
systems were similar. Only the level system results are 
presented. As the figure shows, the delays to trains grow as 
they proceed on their way. This is so for two reasons, one of 
which reflects on the scope of this project. 

In the absence of central control system, there is no slack 
within the run of a single train. Scheduled dwells at inline 
stations are not padded, and they are not reduced when a train 
arrives late. Neither are scheduled run times inflated to permit 
a train to catch up to its schedule. Thus, once a delay is 
incurred, it is carried along. Secondly, as the train delay is 
carried downstream, it continues to delay upstream trains. 
Although no slack is built into the schedule of a single train, 
slack exists between trains. This is the reason that delays to 
successive trains are generally reduced by approximately the 
value of the slack. 
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Figure VI I *5 prstcnts the results of the six-minute station delay 
for headways of 180 and 120 seconds. As expected, the delays are 
substantial and seriously impact operations. At 90 second 
headways, the failure was not materially attenuated in either 
system. All trains are delayed by nearly six minutes. 

In the case of the 180-second station delay, upstream trains are 
delayed arriving at the second station although no trains are put 
in late. The 360- second failure does, however, back up to the 
teririnal. Obviously, in the case of the major station delays, a 
dispatcher or central controller is needed. This is especially 
so in the dipped system where it is necessary to avoid trains 
being delayed or held on the grades. 

Half Acceleration - Three Stations 

As a class, acceleration failures cause smaller delays on the 
dipped system than on the level system because motive power is 
only a portion of total power in the dipped system. This 
acceleration failure, for example, causes a 34-second delay on 
the level system, but only a 26-second delay on the dipped 
system. 

Unlike the station delay failures, this is a lingering failure. 
All trains in the fleet experience the same loss of propulsion. 
The loss of propulsion increases the time required for trains to 
clear away from the station. This in turn raises the minimum 
headway achievable. 

At two- and three-minute headways, no trains are delayed beyond 
the delay caused by the acceleration failure. All level system 
trains are delayed 34 seconds, dipped system trains 26 seconds. 
At 90- second headways, the level system has enough slack. 
However, the dipped system does not. As a result the slack 
headway becomes negative and delays build upon the dipped system. 

The second dipped train receives an extra delay of one second, 
the sixth is delayed ten seconds, the eleventh is delayed 
44 seconds. Clearly, in the event of a power failure, a 
dispatcher must increase the scheduled headways of the dipped 
system above a threshold value. Every system has such a 
threshold value, which can be determined through simulation. 

Half Acceleration - Systemwide 

The systemwide acceleration failure is similar in nature to the 
failure of one substation, affecting three station pairs. 
However, in this case, acceleration is reduced for the entire 
line. Run time for all trains on the dipped system increases by 
145 seconds. Run time for all trains on the level system is 
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incr«as«d by 203 saconda.* 
intarstation diatanca: 


Intaratatlon Diatanca 


2600 faat (4 atationa) 
5200 faat (6 atationa) 
7800 faat (2 atationa) 
13000 faat (3 atationa) 


Tha run tima incraaaa for tha 13, 000* foot atationa ia tha maximum 
that would occur bacauaa traina raach tha 75-mph apaad limit, 
avan at half accalaration. Tha incraaaa ia ^raatar for atationa 
apacad mora widaly apart bacauaa mora accalaration occura. 

Tha raaulta of this aimulation ara aimilar to tha failura of ona 
aubatation. Tha lingering accalaration failura zaducaa ayatam 
capacity. Howavar, none of tha 7800-foot or 13000-foot atationa 
ware affected by tha previoua failura. Sinca tha ayatamwide 
failura cauaaa t?ia greateat run tima incraaaea at the longeat 
interatation diatancaa, the impact on capacity ia alao greateat 
there. 

Although the ayatam haa aufficient alack to avoid additional 
delaya at 180- and 120-second headwaya, neither ayatem can 
operate at 90-aecond headwaya. The dipped ayatem handlea 
headwaya of 105 aeconda and the level ayatem handlea 93-aecond 
headwaya. Thus, when traina are diapatched at 90-aecond 
headways, delays build up. This occurs more rapidly for the 
dipped system because the slack headway is more negative than 
that of the level system. Should such a failure occur in either 
system, the dispatcher would have to adjust the schedule. 

75% Acceleration - One Train 

This failure increases the run time of the failed train by 
50 seconds on the dipped system (from 27 minutes, 41 seconds to 
28 minutes, 31 seconds) and by 69 seconds on the level system 
(from 28 minutes, 42 seconds to 29 minutes, 51 seconds). Unlike 
the station delays which occur to one train, at one location, 
this failure builds up as the train moves along. 

Figure VI 1-6 presents the results of this experiment. No delays 
occur at 180- second headways. Several aspects of the figure are 
noteworthy, even curious. The delays at 90-second headways on 
the level system seem to be lower than at 120-second headways. 
At two-minute headways the delays on the dipped system are 
smaller and less extensive than on the level system, while at 


The increases may be broken down by 


Run Time Increase Per Station 
Dipped System Level System 


7 seconds 
9 seconds 

12 seconds 

13 seconds 


8 seconds 
13 seconds 

18 seconds 

19 seconds 
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(saNOOSS) Atn3Q niuhi 


FIGURE NUHBER Vll-6 

75% flCCELERRTION - FIRST TRAIN 



90*s«cond headways, tha ninth dippad train ia dalay^d but tha 
fifth laval train haa no da lay. 

Tha axplanation for tha dalaya on tha laval ayatan baing ^rafitar 
at 120-aacond haadwaya than at 90-aaeond haadwaya liaa in tha 
dafinition of dalay. Dalay ia maaaurad by coa^aring tha run 
tinaa of corraaponding traina with and without tha failura. Tha 
run tiraa of traina without tha failura ara praaantad abova in 
Tabla Vl-2. Nota that at 120-aacond haadwaya, run tima incraaaaa 
by only thraa aaconda froa tha firat to tha laat train in tha 
float. Howavar, at 90-sacond haadwaya, tha aacond train ia 
dalayad 28 aaconda and tha third train SI aaconda. Tha naximum 
dalay of 64 aaconda ia quickly achiavad. Thia dalay ia naarly 
tha aama aa that cauaad by tha accalaration failura. Thua, tha 
incramantal dalay cauaad by tha failura rapidly diaaipataa. 

Tha dalaya on tha lavgtl ayatem ara mora axtanaiva at 120-aacond 
haadwaya becauaa tha alza of tha initial dalay ia 19 aaconda 
qraatar than on tha dippad ayatam. At 90-aacond haadwaya, tha 
largar alack haadway of the laval ayatam ia tha raaaon tha dalay 
ia attenuated aoonar, even though tha dalay to tha aacond train 
ia largar. 

Top Speed Limit - One Station 

Tha top apaad limit ia impoaad between the firat and aacond 
atationa. The 20-mph limit adda 60 aaconda of run time to the 
dipped ayatem and 64 aaconda to the level ayatem traina. The 
30-mph limit increaaea run timea on the dipped ayatem by 
31 aaconda and by 32 aaconda on the level ayatam. 

The 30-mph limit doea not create any additional dalaya beyond the 
half minute directly reaulting from the failure for either the 
dipped or level ayatem. 

Scheduled haadwaya of ISO or 120 aaconda can be operated with the 
20 mph apeed limit for either the dipped or level ayatem. In 
auch caaea, no additional delay reaulta beyond the one-minute 
failure. Thua, the run timea for dipped and level ayatem traina 
are 60 and 64 aaconda more than the corraaponding timea in 
Table Vl-2. 

The 20-mph limit ia, however, too low a apeed to permit operation 
at 90- aacond haadwaya. The minimxim headway the dipped ayatem 
permita ia 107 aaconda. auch dalaya reault on the level ayatem 
that the minimum headway ia 133 aaconda. In thia caae the level 
ayatem la overaaturated. The diapatcher ahould obvioualy adjuat 
the achedule to two-minute haadwaya. 
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APPENDIX 


a. Car Charactariatics 


Tha following the car characteristlca and train resiatanca 
formulas are used in tha study. 


1. Weight = 36 tons/car -*■ 6 tons passangars/car 
Length = 75 faet/car 
axles - 4/car 


2. Tractive effort (TE) curve par car (four cars/train, all 
motorized) . Linear interpolation is used between 



speeds . 








Speed (mph) 
TE (lbs) 

0 

12400 

30 

12400 

34 

11500 

39 

9850 

44 

8750 

50 

6400 


Speed (mph) 
TE (lbs) 

55 

5000 

60 

4100 

65 

3300 

70 

2800 

75 

2350 


3. 

Nominal braking rate (BR) 
is used between speeds. 

curve. 

Linear 

interpolation 


Speed (mph) 

BR (mphps) 

0 

2.2 

50 

2.2 

75 

1.65 




4. 

Train resistance 

ec[uations. 

The Davis resistance 


formula is used. The formula and its parameters are: 
(AW ♦ nB)N ♦ (CWN)V ♦ (D+E(N-1))XV* 


A 

B 

C 

D 


E = 


1.3 
29.0 
0.045 , 

0.0024 , 

0.00034, 


journal friction factor, Ibs/ton 
journal friction factor, Ibs/axle 
flange friction factor, Ibs/ton/mph 
lead car wind resistance factor, 
lbs/(ft-mph)* 

trailing cars wind resistance factor, 
lbs/(ft-mph)* 


W = weight/car = 36 tons 

n = axles/car - 4 

N = cars/train = 4 

X = cross sectional area » 90 sg. ft. 

V = car speed (mph) = variable 


b. Signal Block Modules 


Two modular signal block designs were developed for this 
study, one for the level and one for the dipped guideway. 
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The modules contain the blocks and signal logic for the four 
interatation diatances. The following tabulations contain: 
block length (feet), signal logic code, grade and a station 
presence indication for each module. The list of all signal 
logic codes is given in the next section. 


Level Guideway 


Interstation 

Distance 

5200’ 


2600’ 


7800* 


13000’ 


Block Length 
(feet) 

Signal Logic 
Code 

Average 

Grade 

(%) 

Station 

300 

400 


X 

650 

420 



650 

420 



1650 

421 



850 

422 



575 

401 



525 

401 



300 

400 


X 

300 

400 


X 

650 

410 



650 

411 



475 

411 



525 

411 



300 

400 


X 

300 

400 


X 

650 

430 



650 

430 



1950 

431 



2300 

432 



850 

433 



575 

401 



525 

401 



300 

400 


X 

300 

400 


X 

650 

440 



650 

441 



2700 

441 



2900 

441 



2300 

442 



1500 

443 



900 

444 



575 

401 



525 

401 



300 

400 


X 
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Dipped Guideway 


Interstation 

Distance 

5200' 


2600' 


7800' 


13000’ 


Block Length 
( feet) 

Signal Logic 
Code 

Average 

Grade 

(%) 

Station 

300 

1 

0 

X 

560 

100 

-2.8 


740 

101 

-6.0 


700 

112 

0 


2000 

107 

0 


500 

106 

+6.0 


400 

9 

+3.43 


300 

1 

0 

X 

300 

2 

0 

X 

870 

20 

-2.41 


630 

21 

0 


800 

22 

2.63 


40 

1 

0 

X 

260 

2 

0 

X 

300 

1 

0 

X 

560 

200 

-2.8 


740 

201 

-6.0 


700 

202 

0 


3000 

203 

0 


1200 

7 

0 


600 

6 

+6.0 


700 

5 

+3.43 


300 

1 

0 

X 

300 

1 

0 

X 

560 

300 

-2.8 


740 

301 

-6.0 


700 

302 

0 


3000 

302 

0 


2900 

302 

0 


2300 

303 

0 


1200 

7 

0 


600 

6 

+6.0 


700 

5 

+3.43 


300 

1 

0 

X 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

c • S afe Braki n g Di st ance Paramete rs 

The signal block design process used Gil^s & Hill proprietary 
computer programs to calculate the safe braking 
distance (SBD) required to transmit each speed in each block. 

The SBD is based on a 6.5-second reaction time and a set of 
braking rates which are derated 25 percent from the nominal. 
During the reaction time, a train is assumed to maintain its 
speed for 3 seconds, then accelerate at full power for 
2 seconds, then maintain this speed for 1 second. At the end 
of the reaction time, brakes are assumed fully applied as 
follows: 

Speed (mph) 0 50 75 

Safety Braking Rate (mphps) 1.65 1.65 1.24 

Linear interpolation is used between speeds. 

d. Signal Logic Codes 

The following is the portion of the TRANSPORT data base 
containing all signal logic codes. Each code contains a 
speed to be transmitted in a given block if the specified 
number of blocks ahead are clear. The various speeds in a 
code appear in descending order. If less than the minimum 
number of blocks ahead are clear, a 0-mph command is sent. 

Example: Signal logic #1 is used in most station 

blocks on the dipped guideway. If 3 or more 
blocks ahead are clear, a 40 mph command is 
sent to the train in the station block. If 
two blocks are clear, a 22 mph command is sent. 
If less than 2 are clear, a 0 mph command 
is sent. 
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Signal 

Clear 


Clear 


Clear 


Logic 

Blocks 

Speed 

Blocks 

Speed 

Blocks 

Speed 

Code 

Ahead 

(mph) 

Ahead 

jrogh) 

Ahead 


1 

3 

40 

2 

22 



2 

2 

40 

1 

22 



5 

5 

60 

4 

45 

2 

28 

6 

6 

75 

3 

50 

1 

28 

7 

6 

75 

2 

50 



9 

5 

60 

3 

45 

2 

28 

20 

5 

60 

3 

50 



21 

6 

60 

4 

50 

3 

40 

22 

6 

60 

4 

45 

3 

28 

100 

4 

75 

3 

55 



101 

3 

75 

2 

55 



102 

5 

75 

2 

55 



106 

6 

60 

3 

40 

2 

28 

107 

7 

75 

4 

55 

2 

40 

112 

3 

75 

1 

55 



200 

6 

75 

3 

55 



201 

3 

75 

2 

55 



202 

2 

75 

1 

55 



203 

4 

75 

2 

55 



300 

3 

75 





301 

2 

75 





302 

2 

75 

1 

55 



303 

4 

75 

2 

55 



400 

2 

40 

1 

22 



401 

5 

60 

3 

40 

2 

28 

402 

5 

75 

3 

55 

1 

28 

410 

4 

55 

3 

40 



411 

4 

55 

3 

40 

2 

28 

420 

4 

75 

2 

55 



421 

6 

75 

3 

55 



422 

7 

75 

4 

55 

2 

35 

430 

3 

75 

2 

55 



431 

3 

75 

1 

55 



432 

6 

75 

3 

55 



433 

7 

75 

4 

55 

2 

35 

440 

3 

75 

2 

55 



441 

2 

75 

1 

55 



442 

4 

75 

2 

55 



443 

6 

75 

3 

55 



444 

6 

75 

4 

55 

2 

35 
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